Soybean seed quality is affected by many factors, which may occur during the production, processing, and storage phases. To ensure the quality of seeds, the adoption of fast and efficient methods to estimate seed viability in quality control programs is important. This study aimed to determine a partition point of the individual electrical conductivity test to predict soybean seed germination. Three lots each of five different soybean cultivars (Fundacep 57 RR, BMX Potência RR, BMX Força RR, BMX Turbo RR, and Nidera 7321 RG) were used. Seed quality was assessed through the mass of 1,000 seeds (MTS), moisture content (MC), germination test (G), bulk electrical conductivity (BEC), individual electrical conductivity (IEC), accelerated ageing (AA), and field seedling emergence (FSE). To determine a partition point in the IEC test for predicting germination, seeds were subjected to the germination test in the same position used for the IEC test. The accuracy of the partition point was tested by comparing predicted germination with the standard germination test. The partition point obtained for normal seeds was 130 µS .cm -1 .seed -1 . The IEC test, however, had limitations in predicting soybean seed germination. The data for predicted germination were different from those obtained by the standard test, because the characteristics of each lot led to differences in the electrical conductivity values.
Introduction
The use of high quality seeds is an important factor to increase yield, since fast and uniform emergence of seedlings is an essential condition for establishing a suitable plant stand in the field (SCHUCH; KOLCHINSKI; FINATTO, 2009 ). Many factors can affect seed quality, such as those occurring in the field or during other phases of seed production, including harvest, drying, processing, and storage (BRACCINI et al., 2003; MARCONDES; MIGLIORANZA; FONSECA, 2005) . Therefore, the adoption of a seed quality control system that can be meticulously applied in all production phases is needed to ensure the production of high quality seeds.
Seed quality control for marketing purposes is based on the germination test, which is efficient in at least two aspects: it provides information on the germination potential of a given seed sample under the optimal conditions, and is a standardized test. A disadvantage of the germination test, however, is the delay in providing results, thus making necessary the development of fast and efficient tests for predicting soybean seed viability.
The electrical conductivity test was developed by Fick and Hibbard (1925) and has been recommended to evaluate seed vigor based on the cellular membrane organization, in several species such as pea (AOSA, 2002; COSTA et al., 2008), soybean (DIAS; MARCOS FILHO, 1996; VIEIRA et al., 2002) , castor bean (SOUZA et al., 2009 ), onion (DIAS et al., 2006 , and squash seeds (DUTRA; VIEIRA, 2006) . Before harvest, temporary structural disorganization occurs in the cell membranes during the seed drying period. Therefore, during the soaking process, seeds need to reorganize their cellular membrane system and repair damage that might have occurred (BEWLEY; BLACK, 1994) . During this process, the seed releases sugars, amino acids, fatty acids, enzymes, and ions in different quantities, which may vary according to the organizational state of the cellular membrane system. Seeds with low physiological quality have a reduced capacity for membrane reorganization and, consequently, higher amounts of solutes lixiviate into the imbibition solution, thus resulting in a reduction in germination uniformity and germination speed (VIEIRA et al., 2002) .
The electrical conductivity test is usually conducted through the bulk method. Recently, however, new equipment has been developed to allow the measurement of electrical conductivity in a single seed (STEERE; LEVENGOOG; BONDIE, 1981; HAMMAN; HALMAJAN; EGLI, 2001) . Thus, it is nowadays possible to determine the partition point of the individual electrical conductivity test to separate viable seeds and predict their germination percentage. However, the currently available results suggest that more biological investigation is necessary to characterize the relationship between individual seed conductivity and germination before this test can be used routinely in the laboratory. Therefore, the aim of this study was to determine the partition point of the individual electrical conductivity test to estimate the germination of soybean seeds.
Material and Methods
Three commercial soybean seed lots, from five different soybean cultivars, i.e. Fundacep 57 RR, BMX Potência RR, BMX Força RR, BMX Turbo RR, and Nidera 7321 RG, totaling 15 lots of seeds, Individual electrical conductivity test for the assessment of soybean seed germination were used in the experimental work. The initial moisture content of the seeds was homogenous and around 13% for all seed lots.
The seed quality of the different lots was assessed using the following tests:
Germination test (G): performed with four replications of 100 seeds each, for each seed lot. For this, seeds were sown on top of two sheets of paper towel, covered with another sheet of the same paper and moistened with sterile distilled water in an amount equivalent to 2.5 times the mass of dry substrate, made into rolls and then placed into a seed germinator at 25ºC (BRASIL, 2009) . Germination counts were performed on the fifth and eighth days after sowing. Normal seedlings were assessed according to the Rules for Seed Analysis and the results are expressed as a percentage (BRASIL, 2009) .
Bulk electrical conductivity (BEC): for this test, four replications of 50 seeds each were used. Seeds were weighed with the aid of a 0.001 g precision balance and then soaked in 50 ml deionized water for 24 h at 25ºC. The electrical conductivity of the solution was determined using a conductivimeter (DIGIMED DM-31) and data are expressed as µS .cm -1 .g -1 .
Individual electrical conductivity (IEC): this test was performed with four replications of 100 seeds each using the SAD 9000-S (Consultar) apparatus that determines the conductivity of individual seeds. Seeds were placed into trays containing 100 individual cells, and one seed + 6.0 ml of deionized water were added into each cell. Seeds displaying visibly damaged seed coats were replaced and the trays were then incubated in a seed germinator at 25°C for 24 h. After this period, the electrical conductivity was determined for each individual seed. To determine the partition point of the IEC for the estimation of germination percentage, seeds were subjected to the germination test in the same position used in the standard IEC test. Evaluations were performed and seedlings were sorted as normal, abnormal, or dead seeds. A correlation between the values of electrical conductivity obtained for each seed and the seedling structure (normal, abnormal, or dead seed) was then performed.
Accelerated aging test (AA): this test was performed by using four replications of 100 seeds each. Seeds of each replication were evenly arranged, in single layers, on top of a stainless steel screen placed in the upper part of an 11 cm x 11 cm x 3.5 cm transparent plastic germination box (gerbox) containing 40 ml of distilled water, and then placed in a BOD type germinator at 41°C for 48 h. After this period, seeds were subjected to the germination test, as previously described. Germination was assessed on the fifth day after sowing, and normal seedlings were assessed according to the Rules for Seed Analysis (BRASIL, 2009) . Results are expressed as the percentage of normal seedlings.
Field seedling emergence (FSE): this test was performed with four replications of 100 seeds each, which were distributed along 1.0 m rows, with 0.5 m interspaces. After 14 days, no further emergence of new seedlings was observed, and thus the percentage of normal seedlings was computed.
Statistical analysis: a completely randomized experimental design was used, with four replications of 100 seeds each, for each characteristic assessed. The results of seed physiological characterization were submitted to ANOVA and correlation analyses. Data were arcsine transformed, (x/100)½, to the normalize distribution. Means were compared by the Scott-Knott cluster method at 5% probability (p < 0.05) using SISVAR software (FERREIRA, 2003) .
To estimate the partition point of normal, abnormal, and dead seeds, the data obtained in the electrical conductivity test were used to perform a boxplot analysis, using the third quartile as the reference. The confidence interval was computed in order to determine the minimum and maximum limits of individual electrical conductivity test in each lot. Boxplot and confidence interval analyses were performed using the R Program (2011).
Results and Discussion
The results obtained in the assessment of seed physiological quality (Table 1) clearly revealed differences among different soybean seed lots. This variability is an important factor in assessing the efficiency of a vigor test. The germination test classified the seed lots into four categories (Table 1 ). The lowest germination percentage was observed for seed lot 1 (67% normal seedlings). Seed lots 2, 3, 7, 8, and 13 had a germination percentage ranging from 77% to 84%. For seed lots 5, 11, 14, and 15, however, the seed germination ranged between 89% and 93%. For seed lots 4, 6, 10, and 12, higher seed germination rates were identified, and the percentage of normal seedlings ranged from 95% to 98%.
In contrast to the germination test, the results of the field seedling emergence test classified seed lots into three categories; seed lots 4, 5 and 10 showed the greatest vigor. In addition, a large difference in the percentage of normal seedlings was detected between germination and field seedling emergence (Table 1) . Since the germination test is usually conducted under optimal conditions, it is not always possible to estimate the performance of a seed lot in the field, based only on the standard germination test. According to Copeland and McDonald (2001) , since the standard germination test is conducted under ideal conditions, it does not necessarily reflect the germination potential of a seed lot under field conditions.
For the other tests of vigor (accelerated ageing, bulk electrical conductivity, and individual electrical conductivity), the results were similar to those obtained for field seedling emergence. Lower vigor was obtained for lots 1, 2, 3, 13, 14 and 15. The results obtained for the mass of 1,000 seeds ( Table  1) indicated that there was no influence of seed size on vigor.
Individual electrical conductivity test for the assessment of soybean seed germination
To determine the partition point of IEC for predicting germination percentage, after the assessment of IEC, the soybean seeds were subjected to the standard germination test in the same position as in the IEC test. After counting, each seedling was sorted as a normal seedling, an abnormal seedling, or a dead seed. Boxplot analysis was used to obtain the partition point for each category. IEC partition points were 130 µS .cm -1 .seed -1 , 265 µS .cm -1 .seed -1 , and 460 µS .cm -1 .seed -1 , for normal seedlings, abnormal seedlings, and dead seeds, respectively. Different results were found by Steere, Levengoog and Bondie (1981) , who used 90 microamps in the seed analyzer Model ASA 610 to determine the difference between germinable and non-germinable seeds.
The accuracy of the data was tested by comparing the estimated germination, determined by the partition point for normal seedlings (130 µS .cm -1 .seed -1 ), with the actual germination, assessed by the standard germination test. Problems associated with the usual application of the IEC in predicting soybean seed germination were detected, as differences were observed among the estimated and actual germination data, mainly in low physiological quality seed lots (Table 2) . An analysis of confidence intervals was performed, aiming to determine the maximum and minimum IEC limits for each seedling category (normal, abnormal, or dead seeds) for each seed lot ( Table 3 ). The data for the different seed lots showed considerable differences in the values, hence confirming the limitation of this technique. For example, the electrical conductivity data for normal seedlings varied from 65.48 µS.cm -1 .seed -1 (minimum) to 210.23 µS .cm -1 .seed -1 (maximum) among lots, showing that establishing a single partition point for all seed lots is not feasible (Table  3 ). Previous studies have already shown that several factors, such as cultivar (DIAS; MARCOS FILHO, 1996) , seed storage conditions (PANOBIANCO; VIEIRA; PERECIN, 2007; ABREU et al., 2011) , seed pathogens (WAIN-TASSI et al., 2012) , the initial water content of seeds (VIEIRA et al., 2002) , and seed physiological quality (COSTA; CARVALHO, 2006) can affect the results of the electrical conductivity test. When the data shown in Figure 1 and Tables 3 are compared, it was possible to verify that the partition point for normal seedlings, abnormal seedlings, and dead seeds varied according to the physiological quality of each seed lot. Seed lots with high physiological quality showed lower values of the minimum and maximum limits for IEC when compared to seed lots with low physiological quality. This can be explained by the fact that the first signal of the deterioration process is cellular membrane disorganization, and that germination ability loss can only be detected at the end of the deterioration process. Therefore, it is doubtless possible to say that seeds that produce normal seedlings actually come from high physiological quality lots; they have greater vigor and better cellular membrane organization than seeds that come from low physiological quality seed lots. Additionally, it was possible to verify that greater variability occurred in seed lots with low physiological quality, which showed more discrepancy in the values (Table 3 ; Figure 2 ). These results agree with those of Costa and Carvalho (2006) found in a study carried out on coffee beans.
The individual electrical conductivity test has limitations in predicting the germination of soybean seeds; however, it was efficient for sorting soybean seed lots into different levels of vigor ( Figure 2) and also showed similar results with the field seedling emergence test (Tables 1). Figure 1 . Boxplot analysis to estimate the partition point for the individual electrical conductivity test (IEC), in obtaining normal seedlings (1), abnormal seedlings (2) and dead seeds (3) within soybean seed lots. Data were estimated from the results obtained from 15 soybean seed lots.
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